A simple, automated and efficient method is presented for routine analysis of taste and odour compounds in water samples. The following compounds were investigated: hexanal, heptanal, 2t,4t-heptadienal, 2t,4t-octadienal, 2t,6t-nonadienal, 2t,6c-nonadienal, 2-methylisoborneol (MIB), 2t,4t-nonadienal, β-cyclocitral, 2t,4t-decadienal, geosmin and β-ionone. Headspace solid-phase microextraction (SPME) coupled with gas chromatography (GC) and low-resolution ion-trap mass spectrometry (ITMS) was used for quantification of these compounds. A 65-µm polydimethylsiloxane/divinylbenzene (PDMS/DVB) fibre was used for headspace SPME analysis. Method detection limits for all compounds analyzed are at the ng/L level and are lower in most cases than sensory analysis can detect. The method was employed for the analysis of lake and reservoir water samples from several coastal British Columbia drinking water sources during the summer of 2001. Geosmin was the only compound detected and was found at concentrations up to 26 ng/L. To our knowledge the method presented is unique in terms of full automation and represents a sensitive and efficient tool for studying and monitoring taste and odour compounds in water sources.
Introduction
The taste and odour of drinking water has been an issue for decades. The principal means by which consumers have traditionally judged the quality of drinking water is by aesthetic qualities such as appearance, taste and odours. Taste and odour in terms of public perception is thoroughly discussed by McGuire (1995) .
There is a wide range of metabolites known to contribute to the taste and odour of drinking water. These are mainly produced by algae and microbial processes in raw or stored water. Examining and understanding the principal factors and processes of production and distribution of phytoplankton and algae that produce taste and odour compounds in drinking water reservoirs and various water bodies is a vital component of the management of drinking water reservoirs. Understanding the mechanisms controlling algal species composition is a promising strategy for water control management that can reduce the formation of algal-derived taste and odour compounds in water supplies.
The most investigated taste and odour forming compounds produced by algae are geosmin and MIB (2-methylisoborneol). In Canada, geosmin and MIB have been detected in Lake Ontario, the St. Lawrence River, and treatment plants that draw water from Lake Erie and from the Niagara River, to name a few (Ridal et al. 1999; Lange and Wittmeyer 1997) . Concentrations of geosmin and MIB found in these studies ranged from 2 to 35 ng/L and 2 to 80 ng/L, respectively. Other compounds that may be important are trans-2, cis-6-nonadienal, hepta-and deca-dienals and hexa-and heptanals (Suffet et al. 1995) . Geosmin is a compound that produces an "earthy" odour (Gerber and Lechevalier 1965) . It is thought to primarily arise from the cyanobacteria Oscillatoria, Aphanizomenon, Anabaena and Phormidium (Suffet et al. 1995; Rashash et al. 1996a) . MIB is considered a "musty" odour compound (Medsker et al. 1969; Gerber 1969) and is produced by strains of Oscillatoria and Phormidium. Aldehydes with carbon chains longer than seven carbon atoms are known to produce "fruity" odours. 2t,6c-Nonadienal is known by the "cucumber" odour and β-cyclocitral is considered a "pipe tobacco" odour compound (Rashash et al. 1996b) .
A consumer's acceptability of water is based on the ability to detect off-flavours or certain odours. Trained sensory panelists can qualitatively describe and rate flavours and odours. Their rating is then analyzed by one of the several sensory methods: the flavour threshold test or threshold odour number (FTT or TON), the flavour rating scale (FRS) or the flavour profile analysis test (FPA) .
Instrumental analysis has been used for a long time as a complementary device to sensory analysis. Trace level concentrations (ng/L) of taste and odour compounds require extremely low detection limits. To achieve these detection limits either a pre-concentration step during sample preparation or large sample volume must be used. Many of the taste and odour compounds are volatile and some are thermo-labile, which can introduce additional complication during the sample preparation.
Closed-loop stripping analysis (CLSA-Young and Suffet 1999) , open-loop stripping analysis (OLSASävenhed et al. 1983) , simultaneous distillation extraction (SDE-Young and Suffet 1999; Jensen et al. 1999) , liquid-liquid extraction (LLE-Ridal et al. 1999) , solid phase extraction (Conte et al. 1996) , etc., have all been used and reported in the literature as sample preparation techniques for the determination of trace levels of taste and odour compounds. Almost all of them used the mass spectrometer for detection purposes.
Solid phase microextraction (SPME) technology has been available as a sample preparation technique since the early 1990s (Zhang and Pawliszyn 1993) . It is a non-destructive extraction technique suitable for volatile and semi-volatile compounds. It is also environmentally friendly since no organic solvents are required for extraction.
Headspace SPME-GC-MS has been previously used for analysis of geosmin, MIB (McCallum et al. 1998; Watson et al. 2000) and other selected aliphatic hydrocarbons, aldehydes, ketones and alcohols in water (Bao et al. 1999) . All three research groups have used a manual SPME procedure for sample preparation which is very time consuming and (potentially) less precise than automated SPME.
The objective of this paper is to present a fully automated headspace SPME-GC-ITMS method suitable for a production type analysis of taste and odour compounds. The compounds analyzed in our study were hexanal, heptanal, 2t, 2t, 2t, 2t, 2t, 2t,  geosmin and β-ionone in water. The detection limits for most compounds were near or below human odour detection limits.
Experimental

Reagents and Materials
Analytical standards, hexanal and heptanal were purchased from Ultra Scientific (Fisher, Canada); β-cyclocitral, 2t,4t-heptadienal, β-ionone, 2t,6c-nonadienal, 2t,4t-nonadienal, 2t,6t-nonadienal, 2t,4t-octadienal were purchased from Aldrich (Canada); 2t,4t-decadienal was purchased from Fluka (Canada); and geosmin and MIB were purchased from Supelco (Canada). Toluene-d8 was purchased from Ultra (VWR, Canada). Reagent-grade sodium chloride (NaCl) was purchased from VWR (Canada). Methanol was purchased from VWR (Canada). All solvents were of analytical grade. Water was prepared using a Milli-Q Plus ultra-pure water system.
A polydimethylsiloxane/divinylbenzene (PDMS/DVB) fibre, 65 µm, was obtained from Supelco (Canada).
Standard Preparation and Storage
Individual stock compound solutions were prepared in methanol at concentrations of 100 and 1000 µg/L and stored in a freezer at -20ºC for up to three months. A composite intermediate solution was made up monthly and stored in a freezer at -20ºC. A minimum of five different concentrations of calibration standards were prepared in 30% (w/v) NaCl solution (in ultra-pure water) by daily dilution of the composite intermediate standard. Shelf-lives of the standard solutions were determined experimentally. Calibration standard levels were made within the ranges listed in Table 1 . NaCl used was heat treated for 12 h at 325ºC. Internal standard, toluene-d8, was prepared in methanol at a concentration of 2 µg/L 
Sample Preparation and Analysis
A 2.3-g of NaCl was weighed out into 15-mL GC vials, and 7.7 mL of sample was added resulting in a 30% NaCl (w/v) in the solution. An internal standard, toluene-d8, was added to all samples. The vials were capped using a Crimpmaster (Wheaton Inc.) and the NaCl was dissolved by gently swirling the vials. The vials were placed into a 12-vial carousel on a Varian autosampler (8200 CX). The analysis was started by automated insertion of the SPME fibre into the vial headspace for 50 min of absorption. After absorption the fibre was automatically inserted into the injection port (splitless mode) of the GC and desorbed at 200ºC for 3 min. After desorption, the SPME fibre was automatically introduced into the next vial for absorption.
Chromatography
The standards and samples were introduced on a DB-5ms fused silica capillary column (Supelco, 30 m x 0.25 mm x 0.25 µm film thickness) by a Varian autosampler (Varian 8200 CX) equipped with a SPME syringe and a 15-mL vial carousel. The analyses were carried out using a Varian 3800 gas chromatograph. A temperature program was used where the column temperature was held at 40ºC for one minute, increased to 130ºC at 4ºC/min and then increased to 250ºC at 10ºC/min. Helium was the carrier gas used at a constant flow rate of 1 mL/min. The GC was coupled with an ion trap mass spectrometer (Saturn 2000) as the detector. SPME-GC-ITMS system was controlled by Varian Saturn workstation version 5.51. The transfer line was maintained at 200ºC and the ion trap temperature was kept at 110ºC. The mass spectrometer scanned from 35 to 212 m/z. The mass spectra were collected in the fullscan acquisition mode, while calibration and quantification of the analytes of interest were based either on selected ion or full spectra.
Quality Assurance and Quality Control
Method blanks were run daily. For small sample batches, one sample in five (20%) was duplicated, but for larger sample batches, the square root of the batch size was used to determine the number of duplicate samples. Duplicates normally agreed to within 20% and variations larger than this were separately addressed and the appropriate corrective action taken. The internal standard solution, toluene-d8, was added to every sample to monitor run performance, and a recovery between 80 to 120% was acceptable. If the recovery was outside this range then the sample was reanalyzed. A full set of calibration standards was run with each batch at the beginning and the end of the sequence to verify instrument performance, ensure that vials were tightly capped and no degradation of standards occurred. Standard concentrations calculated from the calibration curve were within 20% of the theoretical values.
Sample Sites, Time Frame and Sampling
The samples were collected from the following locations: Council Lake, Cusheon Lake, Elk Lake, Maxwell Lake, Shawnigan Lake and Sooke Lake Reservoir. Detailed descriptions of the sites are given at http://web.uvic.ca/ water/study.htm (Spafard at al. 2002) . Each lake was sampled at least monthly from July to September 2001. For sample collection two 40-mL screw-cap amber glass vials equipped with PTFE-faced silicone septa were used. Vials were completely filled with sample, with no air bubbles and sealed. Immediately after collection samples were refrigerated (4ºC) and shipped cold to the laboratory where the analyses were conducted. Samples were analyzed as soon as they reached the laboratory.
Results and Discussion
Fibre Performance
A PDMS/DVB fibre was used throughout the study and it was selected based on the literature data available (Bao et al. 1999; Watson et al. 2000) . Since the water samples in this study were relatively clean, over 100 injections were performed with the same fibre. Prolonged fibre life was achieved by using a lower injector temperature of 200ºC than has been used by others (McCallum et al. 1998; Bao et al. 1999; Watson et al. 2000) . Lower injector temperatures are sufficient especially for headspace analyses of volatile compounds. Variation in peak areas of taste and odour standards analyzed using two fibres were within 25%.
The use of the automated SPME fibre holder, which is mounted onto the autosampler instead of the syringe, replaced the manual sample preparation and injection. All movements of the SPME fibre from positioning in the vial, absorption, injection and desorption can be precisely timed for optimum precision. Positioning of the fibre in the headspace of the vial without contacting the liquid is easy and fully automated.
Preparation in advance allows the absorption of the next sample to begin while the current sample is being analyzed, thereby reducing the total analysis time for the whole batch. Another advantage over the manual injection is the reduced risk of losing volatile compounds in the air, or absorption of other compounds from the air during preparation for manual injection.
Sample agitation (provided as an option on the autosampler Varian 8200 CX) was not used for the head-space mode of analysis. External agitation by vibration can replace the stirring bar which is used in manual SPME. Stirring, when using headspace analysis, may also result in droplets and splash contacting the fibre which could introduce an additional error. Stirring bars are an inconvenience when dealing with larger numbers of samples.
Absorption and Desorption Time, Extraction Mode and the Effect of Salt Addition
The fibre absorption time of 50 min was selected based on the time required for GC analysis (38.5 min). It has been shown in different studies that after 50 min, most analytes reach extraction equilibrium (McCallum et al. 1998; Bao et al. 1999) .
Within 3 min all of the compounds were desorbed and the fibre was cleaned for the next analysis. Complete desorption was tested by running the blanks after analyzing taste and odour standard solutions of different concentrations.
The selection of headspace extraction mode as the preparation analysis for taste and odour compounds was based on the compounds' structural characteristics. All the compounds studied, aldehydes (hexanal, heptanal, 2t,4t-heptadienal, 2t,4t-octadienal, 2t,4t-nonadienal, 2t,6c-nonadienal, 2t,6t-nonadienal, 2t,4t-decadienal, β-cyclocitral), alcohols (geosmin and MIB) and ketone (β-ionone), are polar which makes them more soluble in water. This is reflected in the low extraction efficiency of all compounds when no salt was added.
The effect of different concentrations of NaCl, 15 and 30% (w/v) on the extraction efficiency of taste and odour compounds, was also studied and results are presented in Fig. 1 . Increasing the salt concentration from 15 to 30% resulted in significantly improved absorption efficiency for less volatile compounds such as geosmin, MIB and β-ionone (32, 27 and 37%, respectively). Increased absorption efficiency by salt addition was reported in the literature (Bao at al. 1998; McCallum et al. 1998; Bao et al. 1999; Watson et al. 2000) but direct comparison is difficult because different conditions were used in terms of %NaCl, stirring, sample volume, headspace volume and heating. Overall increase in absorption efficiency was observed by salt addition which is consistent with our findings. Absorption efficiency may be further increased by using a heated sampling tray, which was not available at the time of this study.
Compound Identification
Characteristic chromatograms of the headspace analyses (absorption time 50 min) of an empty vial volume and of a 30% (w/v) NaCl solution (which was a method blank for taste and odour standard compounds), are presented in Fig. 2 . The fibre itself creates a number of peaks ( Fig.  2A) . If chromatogram A is compared to the headspace analysis of a 30% (w/v) NaCl solution (chromatogram B), there is not much difference in the chromatographic pattern. This leads to the conclusion that there is no significant contribution from the salt to the chromatography of the standards and if there is any contribution it is mainly given by the fibre. By sitting idle in the laboratory, the fibre absorbs different compounds from air. It is very important to clean the fibre before analysis by running a few desorption cycles until a reproducible chromatogram is obtained.
A characteristic chromatogram for taste and odour standard compounds acquired in a full scan mode is presented in Fig. 3 . Positive identification of each individual compound has been conducted based on their spectra matched with the spectra in the NIST library, with a quality of match greater than 900. Although many nontarget peaks are present, there was no serious interference with compounds of interest or interference was avoided by calibration using a single ion.
Method Detection Limits (MDL)
Statistical method detection limits (APHA 1995) were determined by spiking a 30% (w/v) NaCl water solution with a mixture of taste and odour compounds, with concentration of individual compounds ranging from 20 to 200 ng/L. Eight replicates were analyzed and MDLs were calculated using the formula: MDL = Stdev * 2.998
( 1) where Stdev is a standard deviation of n replicate analyses (n = 8) and 2.998 represents the Students' t value appropriate for 99% confidence level with n-1 degrees of freedom. Percent standard deviations of 8 replicates range from 5 to 17% which is the confirmation of the compounds' stability at room temperature during analysis time. Running calibration standards at the beginning and the end of the sequence serve the same purpose. Fig. 2 . Chromatograms of the headspace SPME-GC-MS analyses: A) an empty vial; B) a 30% (w/v) NaCl solution.
Taste and odour compounds were also spiked into Como Lake water samples and concentrations calculated by normalizing to the results obtained from spikes in 30% (w/v) NaCl water solution (Table 2) . Recoveries from spiked lake water samples range between 84 and 113% and are within experimental error. This indicates no matrix effects on the headspace SPME procedure at the chosen spike concentration level. The TOC (total organic carbon) determined in Como Lake samples was 2.3 mg/L which is similar to the TOC content of the other lakes covered in this study (2-5 mg/L). Results of spiking Burlington Bay water with MIB (100 ng/L) and geosmin (80 ng/L) gave recoveries of 100% for both compounds (Watson et al. 2000) . River water was spiked with 34 compounds at three concentration levels (Bao et al. 1999) . For hexanal, heptanal, MIB, β-cyclocitral, geosmin and β-ionone they reported relative recoveries from 62.1 to 79.3% as the averaged recoveries for all three spiking levels. Our experience with spiking lake waters (with the same TOC content) at the higher concentration levels of taste and odour compounds was decreases in recoveries (data not shown) which may be due to saturation of fibre or exceeding fibre capacity.
Comparison of SPME-GC-ITMS with standard methods CLSA and SDE (Young and Suffet 1999) indicates the advantage of the technique presented in this paper. For hexanal, heptanal, MIB, β-cyclocytral and geosmin, compounds that are analyzed using all three techniques, the lowest MDLs were achieved by SPME-GC-ITMS. Hexadienal, heptadienal and nonadienal spiked in water were not detected by CLSA or SDE; presumably unsaturated aldehydes did not survive the extraction procedures. Low recoveries were reported for 2t,4t-hexadienal analyzed by CLSA and SDE methods, although they were spiked in water at high concentrations (1086 and 2352 ng/L, respectively). This highlights another advantage of SPME-GC-ITMS: it is a nondestructive methodology. Furthermore, sample volume required for the SPME-GC-ITMS analysis is significantly lower, 20 mL versus 1 to 2 L required for CLSA or SDE. 218 Furtula et al. Fig. 3 . Chromatogram of the headspace SPME-GC-MS analysis of a taste and odour standard. 1) toluene-d8, 2) hexanal, 3) heptanal, 4) 2t,4t-heptadienal, 5) 2t,4t-octadienal, 6) 2t,6t-nonadienal, 7) 2t,6c-nonadienal, 8) 2-methyl isoborneol (MIB), 9) 2t,4t-nonadienal, 10) β-cyclocitral, 11) 2t,4t-decadienal, 12) geosmin and 13) β-ionone.
Comparison of MDLs for each compound, determined by the SPME-GC-ITMS method presented in this paper, with flavour and odour thresholds established by the sensory analysis from the literature are presented in Table 3 . For hexanal, heptanal, 2t,4t-heptadienal and β-cyclocitral, the human flavour and odour thresholds are over three orders of magnitude higher than method detection limits presented from this study. For 2t,4t-octadienal there are no literature data available to our knowledge about human responses. For geosmin and MIB, the two compounds studied the most in the literature, our method is satisfactory for screening purposes. For determination of method detection limits, both compounds were spiked at the 20-ng/L level and the signal to noise ratio (S/N) for geosmin was 16 and for MIB was 20. If instead of statistical method detection limits described above, signal to noise criteria (S/N = 3) for minimal concentration determination is used, both compounds can be detected at concentrations lower than 5 ng/L. The same arguments are true for 2t,6c-nonadienal, 2t,4t-nonadi- Young and Suffet (1999) .
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f van Gemert and Nettenbreijer (1977) . g Cotsaris et al. (1995) . enal, 2t,4t-decadienal and β-ionone. Taking that into consideration, it can be concluded that the method presented enables detection of taste and odour compounds at concentrations lower than human odour thresholds. Epilimnetic lake and reservoir samples from coastal British Columbia were collected and analyzed monthly during the summer of 2001. The only taste and odour compound detected from the list we studied was geosmin, and it was found in Cusheon (Saltspring Island), Elk (Vancouver Island) and Maxwell (Saltspring Island) lakes. Geosmin production is associated with either bacteria (including cyanobacteria) or actinomycetes. Of the known geosmin-producing groups, cyanobacteria are most likely to be the dominant taxa in the middle of lakes where the water samples were taken, so it is most probable that the geosmin detected originated from cyanobacteria. Furthermore, geosmin was detected in higher productivity lakes where cyanobacteria occur in greater numbers (Watson et al. 1997) . Geosmin was detected in August (20 ng/L) and September (26 ng/L) in Cusheon Lake, which corresponded with a significant fall bloom of Aphanizomenon flosaquae. In Elk Lake geosmin was quantifiably identified in July (10 ng/L) and August (12 ng/L) and detected in September. Dominant cyanobacteria present during the summer in Elk Lake were Microcystis spp., Aphanothece spp. and Anabaena spp. During September a large bloom of Fragilaria crotenensis (diatom) became dominant. Maxwell Lake was not as clearly dominated by cyanobacteria, but geosmin was detected in June (not quantifiable) when Anabaena spp. was abundant and August (26 ng/L) when Microcystis spp. was common.
The advantages of performing the analysis in the full scan mode are that interferences can be avoided by selecting the ions for quantification and other compounds potentially present in the water samples can be identified. On one date (August 13, 2001) in Shawnigan Lake, BTEX was detected (Fig. 4) . The presence of BTEX volatiles (benzene, toluene, ethylbenzene, m,p-xylene and o-xylene) was confirmed by an automatic library search of the spectra of the unknown peaks. By running the standards for BTEX and creating the calibration curve, it was possible to calculate the concentrations of individual compounds (Table 4) . Shawnigan Lake is a popular sum-mertime lake for many water sports, including water-skiing. Although contamination from the sampling boat cannot be conclusively ruled out, care was taken not to contaminate the samples. However, BTEX was found in the surface water of both the north and south basin of Shawnigan Lake and it was never detected at other times or in other lakes and reservoirs (four of which have restricted access), suggesting, that the BTEX was present at low levels throughout the surface waters of Shawnigan at that time and the contamination did not arise from the sampling boat. Further analysis for the presence of gasoline and possible correlations with recreational boat use are needed to confirm this finding.
Conclusion
An automated headspace SPME-GC-ITMS method is described for analysis of twelve taste and odour compounds in water samples. The ability to detect concentrations of taste and odour compounds at parts per trillion levels is demonstrated. The method satisfies requirements for sensitivity needed to provide consumer satisfaction with water quality in regards to taste and odour produced by hexanal, heptanal, 2t, 2t, 2t, 2t, , 2t,4t-nonadienal, β-cyclocitral, 2t,4t-decadienal, geosmin and β-ionone. The concentrations that can be detected by the proposed method for eight compounds are lower than the taste and odour threshold for humans. The method is also suitable for other volatile compounds. It has been demonstrated that our method is simple and fast with throughputs of over 20 samples per day, thus making it suitable for routine analysis. 
